Background: Trehalose is a nonreducing disaccharide with high stability and strong water absorption properties that can improve the resistance of organisms to various abiotic stresses. Trehalose-6-phosphate synthase (TPS) plays important roles in trehalose metabolism and signaling.
4 closely related to the yeast TPS1 gene, whereas class II includes TPS5-11 genes and contains sequences corresponding to phosphatase and synthase domains [30] [31] . In addition, 8 TPS genes were identified in potato, 53 in cotton and 20 in the soybean genome [32] [33] [34] . In many other plants, such as Plasmodiophora brassicae [ 18] , Magnaporthe grisea [ 19] and Saccharum officinarum L. [23] , TPS genes were also cloned. Some TPS transgenic plants can significantly improve abiotic stress tolerance. For example, the A. thaliana TPS1 gene enhanced the osmotic, drought, desiccation and temperature stress resistance of transgenic tobacco [35] . Transformation of the yeast TPS1 gene into potato significantly improved the drought resistance of transgenic plants [36] [37] . Garg et al transferred the trehalose synthesis genes (otsA and otsB) of Escherichia coli into rice and improved salt, drought and low-temperature stress resistance [38] . Jang et al. showed that transformation of the E. coli trehalase synthase gene into rice can increase trehalose accumulation and drought, high salt and cold tolerance [39] . Overexpression of the TPS1 gene sorghum enhanced tolerance to salt stress [40] . Grifola frondosa Fr. TPS gene transformation in tobacco enhanced resistance to drought and salt [41] .
Tamarix hispida is a woody halophyte with developed roots and strong sprouting ability. This species has strong drought, cold, salt and alkali resistance, making it a good plant to grow in sandy soil and various degrees of salinized soil. Therefore, this halophyte is an ideal material for anti-reverse gene cloning and the study of stress resistance mechanisms. In this study, the ThTPS gene was cloned from T. hispida, and the sequence characteristics of the gene and the expression pattern after abiotic stress were analyzed. Furthermore, ThTPS was transiently overexpressed in T. hispida. The related physiological index and staining analysis were carried out and compared between the overexpression and control T. hispida under salt stress. This study will establish a theoretical foundation to further analyze the stress tolerance function of the TPS gene and use genetic engineering to improve plant stress resistance.
Results

Sequence and evolution analysis of the ThTPS gene in T. hispida
A full-length ThTPS gene sequence was obtained from the T. hispida transcriptome. The GenBank number is MN615274. The ORF of the ThTPS gene was 2577 bp and encoded 858 amino acids. ProtParam predicted that the molecular weight of ThTPS protein was 96.81 KD with a theoretical isoelectric point of 5.86, which is an acidic protein. The ThTPS protein belongs to the HAD hydrolase family IIB subfamily (IPR006379) and contains a glycosyltransferase domain (IPR001830, 61-544) and a HAD-like domain (IPR023214, 591-842). Multiple sequence alignment results indicated that ThTPS has high sequence homology with the selected amino acid sequences, and the similarities were 83.41%-86.42% (Fig. 1A) . The results of the phylogenetic tree among the ThTPS protein sequence together with 11 TPS members in the Arabidopsis family indicate that the ThTPS protein belongs to the class II subfamily and has a close evolutionary relationship with AtTPS7 ( Fig. 1B ). Similar to other class II members, ThTPS contains three conserved motifs (motif 1, motif 2 and motif 3).
Expression analysis of the ThTPS gene under different treatments in T. hispida
To preliminarily analyze the function of the ThTPS gene, we analyzed the expression levels of the ThTPS gene in the roots and leaves of T. hispida under 150 μmol/L ABA, 100 μmol/L JA, 50 μmol/L GA3, 0.4 mol/L NaCl and 20% (w/v) PEG 6000 by qRT-PCR. The results showed that ThTPS exhibits different expression patterns under hormone, salt and drought treatments ( Fig. 2) .
Under ABA treatment, the expression of the ThTPS gene was upregulated at 6 h and 48 h, 6 which was 54.66-and 3.1-fold that of the control, respectively. At 12 h, 24 h and 72 h, it showed a downward trend in roots. In leaves, the expression of ThTPS showed an opposite expression pattern from roots ( Fig. 2A ). Under JA treatment, the ThTPS gene showed an upregulated expression trend in roots, reaching the highest expression level at 6 h, which was 10.02 times that of the control. While this gene mainly showed a downregulated expression trend in leaves, it reached its lowest point at 12 h, which was 5.93% of the control (Fig. 2B ). Under GA3 treatment, the expression of the ThTPS gene showed an upregulated trend at 12 h and 48 h in roots, which was 9.74 and 30.14 times that of the control. At 24 h, the gene expression changed little but showed a downregulated expression trend at 6 h and 72 h. In leaves, the ThTPS gene showed the opposite trend ( Fig. 2C ).
Under NaCl stress, in addition to the downward trend at 6 h, the ThTPS gene showed a trend of upregulation at other time points in roots and leaves, reaching the highest values at 24 h and 48 h, respectively, which were 361.33 and 7.55 times that of the control (Fig.   2D ). After PEG 6000 stress, in roots, the ThTPS gene showed an upregulation trend at 6 h and 12 h. In leaves, the gene mainly showed a downregulated trend ( Fig. 2E ). The above results showed that the ThTPS gene can respond to the above five treatments, but the expression patterns were not exactly the same.
ThTPS overexpression in T. hispida can enhance salt and osmotic tolerance
To further explore the resistance function of the ThTPS gene, the pROKII-ThTPS strain was transiently transformed into T. hispida (OE). The OE and the control were treated with 150 mM NaCl and 200 mM mannitol stress. The ThTPS gene expression results showed that the expression level of the ThTPS gene in OE plants was 100.3, 3.5 and 13.8 times that of the control after NaCl treatment for 12, 24 and 36 h, respectively. After mannitol treatment for 12, 24 and 36 h, the expression levels of the ThTPS gene in OE plants were 23.6, 10.1 and 13.9 times those of the control, respectively. These results indicated that transient transgenic T. hispida were successfully obtained, and the expression level of the ThTPS gene was higher after treatment for 12 h (Fig. 3A ).
Based on the results of qRT-PCR, DAB, NBT and Evans blue staining and physiological indexes were performed for the transiently transgenic T. hispida treated with NaCl and mannitol for 12 h. The results showed that there were no obvious color and physiological index content differences between OE and control plants under normal conditions. However, the DAB and NBT staining colors of OE plants were clearly lighter than those of the control under NaCl and osmotic stress ( Fig. 3B ). Correspondingly, H 2 O 2 contents were measured and compared. In OE plants after NaCl and mannitol stress, it was 4.08-and 5.1-fold of normal conditions, while in control plants, it was increased 6.5-and 6.96-fold ( Fig. 3C ). These results indicated that H 2 O 2 or O 2content was lower in OE plants than in the control under the two stresses. Evans blue staining results showed that OE plants had a lighter color than the control ( Fig. 3B ). At the same time, MDA contents in OE plants were 3.14-and 3.1-fold of normal conditions, and they were 4.7-and 3.55-fold in control plants ( Fig. 3C ), indicating that the cells of OE plants were less damaged. In addition, the cell protection product trehalose increased 3.98-and 4.42-fold in OE plants, which is higher than that in the control. The plant growth indicator chlorophyll decreased 33% and 26% in OE plants, which is less than the control (54% and 50%) ( Trehalose accumulates in the plant and exerts a protective function to improve certain undesirable traits of the plant. Trehalose-6-phosphate synthase (TPS), another gene related to stress resistance after glutamate, proline and betaine synthase genesis [44] , functions in catalyzing the conversion of substrate to trehalose. In this study, a ThTPS gene was cloned from T. hispida. Sequence analysis showed that the ThTPS protein contains a glycosyltransferase domain and HAD-like domains. Multiple sequence alignment showed that the ThTPS protein and other TPS proteins have conserved motifs at the Nterminus and C-terminus, indicating that the TPS protein is highly conserved in different plants. Phylogenetic tree analysis with the A. thaliana TPS family showed that the ThTPS protein was closely related to the Arabidopsis family member AtTPS7 and belonged to the class II subfamily.
Class II subfamily members may have a regulatory function and are regulated transcriptionally by carbon status and stress [6] . In recent years, several approaches have found that A. thaliana TPS family proteins, class II subfamily member AtTPS6, regulate plant architecture, epidermal pavement cell shape and trichome branching [14] . AtTPS5 plays a role in thermo tolerance through its interaction with the transcriptional coactivator MBF1c [45] . However, there have been no reports describing AtTPS7 function to date.
Other class II TPS proteins seem to lack significant enzymatic activity, many of which are extensively regulated by hormones, light and nutrient availability at the transcriptional level [46] [47] [48] [49] [50] [51] [52] .
qRT-PCR results showed that the expression of the ThTPS gene in T. hispida was significantly changed after high salt, drought, JA, ABA and GA3 treatment. After JA, ABA and GA3 treatment, the expression of the ThTPS gene mainly showed opposite expression trends in roots and leaves, except at the individual time points. However, after NaCl and PEG 6000 treatment, the expression of the ThTPS gene was mainly upregulated in roots and 9 leaves, indicating that the ThTPS gene may be involved in drought, salt stress and hormone stimulation responses, while the function may differ in root and leaf responses to hormone stimulation. In previous studies, it has been shown that AtTPS1 participates in the Glc and ABA signaling pathways controlling germination and vegetative development hispida. In the following experiments, the specific resistance mechanism of the ThTPS gene will be further studied. China). T. hispida seeds were uniformly sown in a plastic basket with culture medium (vegetative flower soil: vermiculite1:1). The greenhouse culture conditions were humidity 70-75%, average temperature 25°C and photoperiod 14 h/10 h. The seedlings grown to approximately 5 cm were moved to pots and cultured in the greenhouse. After 2 months, the seedlings were irrigated with 0.4 mol/L NaCl, 20% (w/v) PEG 6000 , 150 μmol/L ABA, 50 μmol/L GA3 and 100 μmol/L JA. Normally watered seedlings were used as a control. After treatment for 6, 12, 24, 48 and 72 h, the roots and leaves of each treatment were taken separately, immediately frozen in liquid nitrogen, and then stored in a -80°C freezer for subsequent experiments. All treatments were replicated three times.
Conclusions
Bioinformatics analysis of the ThTPS gene in T. hispida
Through searching the transcriptome data of T. hispida using "trehalose-6-phosphate synthase" as a key word, a full-length ThTPS gene sequence was obtained. Through 
RNA extraction and qRT-PCR analysis
The RNA of each sample was extracted using a plant RNA extraction kit (BioTeKe corporation), and the procedure was carried out according to the kit instructions. The RNA extraction concentrations and masses were measured using a Nanovue microphotometer and 0.8% agarose gel electrophoresis. Then, the total RNA of each sample was reverse transcribed into cDNA using TransScript One-step gDNA Remvoal and cDNA Synthesis SuperMix according the instruction manual. Then, qRT-PCR was carried out using the Actin Data were analyzed using the 2 -ΔΔ(Ct) method [42] .
ThTPS gene cloning and plant overexpression vector construction
According to the multiple cloning site of the plant overexpression vector pROKII and the gene sequence of ThTPS, Xba I and Kpn I restriction endonuclease sites were introduced at the 5' and 3' ends of the ThTPS gene, respectively. The primers TPS-CF (5'CTAGTCTAGAATGATGTCCAGATCTTATACC3') and TPS-CR (5'CGGGGTAC CCTAAGAGGGGCTGCCGCTAC3') were used to obtain the ThTPS gene by RT-PCR amplification. Then, the digested gene and the vector fragment were ligated and transformed into E. coli competent Top10 cells by the heat shock method. After culturing at 37°C for 8-12 h, single colonies were picked for PCR verification using vector primers and gene primers. The strains with the correct fragment sizes were sent for sequencing analysis. The sequenced correct overexpression vector strain was designated pROKII-ThTPS, and the plasmid was transformed into Agrobacterium tumefaciens EHA105 to obtain an overexpression strain.
ThTPS gene transient transform into T. hispida and stress resistance analysis
According to the method of Ji et al. [43] , the pROKII-ThTPS overexpression strain (OE) and the pROKII empty vector (Con) strain were transiently transformed into T. hispida. After Evans blue staining analyses were carried out after the seedlings were treated for 12 h.
Each experiment was repeated at least three times.
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